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(57) ABSTRACT

The temperature control system 1s provided with a lower
heat removing unit which 1s disposed at the bottom of a
reactor 1nside which an exothermic reaction takes place and
through which a liquid coolant 1s flowed, and an upper heat
removing unit which 1s disposed 1n the reactor further above
from the lower heat removing unit and through which the
liquid coolant 1s flowed, recovering reaction heat 1nside the
reactor and controlling a temperature inside the reactor. The
lower heat removing unit 1s supplied with the liquid coolant
which 1s adjusted for temperature by a first temperature
adjustment unit, and the upper heat removing unit 1s sup-
plied with the liqud coolant which 1s adjusted for tempera-
ture by a second temperature adjustment unit different from

the first temperature adjustment unait.
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FIG. 1
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TEMPERATURE CONTROL SYSTEM,
HYDROCARBON SYNTHESIS REACTION

APPARATUS, HYDROCARBON SYNTHESIS

REACTION SYSTEM, AND TEMPERATURE
CONTROL PROCESS 5

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a Section 371 of International Appli- 10

cation No. PCT/JP2012/056753, filed Mar. 15, 2012, which
was published 1n the Japanese language on Oct. 4, 2012
under International Publication No. WO 2012/132942 Al,
and the disclosure of which 1s incorporated herein by

15
reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention 20

The present invention relates to a temperature control
system, a hydrocarbon synthesis reaction apparatus, a hydro-
carbon synthesis reaction system, and a temperature control

Proccss.

Priority is claimed on Japanese Patent Application No. 2°

2011-074247 filed on Mar. 30, 2011, the content of which 1s
incorporated herein by reference.

2. Description of Related Art

In recent years, as a process for synthesizing liquid fuels
from natural gas, the GTL (Gas To Liquds: liquid fuels
synthesis) technique has been developed. This GTL tech-
nique includes the steps of reforming a natural gas to
produce a synthesis gas containing carbon monoxide gas
(CO) and hydrogen gas (H,) as main components, synthe- 5
s1zing hydrocarbons using this synthesis gas as a feedstock
gas and using a catalyst via the Fischer-Tropsch synthesis
reaction (heremafter also referred to as the “FT synthesis
reaction”), and then hydrogenating and fractionating these
hydrocarbons to produce liquid fuel products such as naph- ,,
tha (raw gasoline), kerosene, gas o1l and wax and the like.

As a hydrocarbon synthesis reaction apparatus used 1n the
GTL technmique, for example, a constitution shown 1n the
Patent Document 1 given below 1s known. In this type of
hydrocarbon synthesis reaction apparatus, 1n general, hydro- 45
carbons are synthesized by subjecting carbon monoxide gas
and hydrogen gas within a synthesis gas inside a reactor to
the FT synthesis reaction. Inside the reactor, there 1s accom-
modated a slurry prepared by suspending solid catalyst
particles (such as a cobalt catalyst or the like) in a liguid 50
medium (for example, liquid hydrocarbons or the like).

In this hydrocarbon synthesis reaction apparatus, the
synthesis gas 1s charged from a bottom of the reactor,
thereatter, rising inside the reactor, while 1n contact with the
slurry 1nside the reactor to synthesize hydrocarbon com- 353
pounds. Since the synthesis gas 1s supplied from the bottom
side of the reactor in this manner, the carbon monoxide gas

and the hydrogen gas will easily undergo the FT synthesis
reaction at the bottom of the reactor.

60
CITATION LIST

Patent Document

63
Patent Document 1: U.S. Patent Application Publication

No. 2004/0235969

2
SUMMARY OF THE INVENTION

Problem to be Solved

Here, the FT synthesis reaction 1s an exothermic reaction.
When carbon monoxide gas and hydrogen gas are subjected
to the F'T synthesis reaction at the bottom side of the reactor,
a temperature will rise at the bottom side of the reactor.
Thereby, the F'T synthesis reaction 1s further facilitated at the
bottom side of the reactor and, as a result, there 1s a fear that
the FT synthesis reaction inside the reactor may concentrate
at the bottom side of the reactor. In this case, production of
hydrocarbon compounds may be reduced or the temperature
may be extremely high at the bottom side of the reactor. As
described above, since the temperature inside the reactor
may be extremely high locally, the reactor 1s required to
have high heat resistance, which will restrict temperature
conditions 1n design of the reactor. This has been a problem.

The present invention has been made 1n view of the above
situation, an object of which 1s to provide a temperature
control system capable of controlling a temperature inside a
reactor with high accuracy.

Means for Solving the Problem

The temperature control system of the present invention 1s
a temperature control system for controlling a temperature
inside a reactor in which an exothermic reaction takes place
by recovering reaction heat in the reactor. The temperature
control system 1s provided with a lower heat removing unit
which 1s disposed at the bottom of the reactor and through
which a liquid coolant 1s flowed, and an upper heat removing
unmt which 1s disposed in the reactor further above from the
lower heat removing unit and through which the liquid
coolant 1s flowed. The lower heat removing unit 1s supplied
with the liquid coolant which 1s adjusted for temperature by
a first temperature adjustment unit, and the upper heat
removing unit 1s supplied with the liquid coolant which 1s
adjusted for temperature by a second temperature adjust-
ment umt different from the first temperature adjustment
unit.

According to the present invention, the lower heat remov-
ing unit 1s supplied with a liqmd coolant which 1s adjusted
for temperature by the first temperature adjustment unit, and
the upper heat removing umt 1s supplied with a liqud
coolant, which 1s adjusted for temperature by the second
temperature adjustment unit. Therefore, a liqmd coolant
different in temperature can be supplied to the lower heat
removing unit and the upper heat removing unit. It 1s,
thereby, possible to make a recovery quantity of reaction
heat by the lower heat removing unit different from a
recovery quantity of reaction heat by the upper heat remov-
ing unit.

Therefore, when a temperature at the bottom side of the
reactor 1s going to rise locally, the liquid coolant supplied to
the lower heat removing unit 1s decreased in temperature by
the first temperature adjustment unit, by which the recovery
quantity of reaction heat can be increased by the lower heat
removing unit. It 1s, thereby, possible to suppress the rise in
the temperature at the bottom side of the reactor.

Further, at this time, as described above, the recovery
quantity of reaction heat by the lower heat removing unit can
be made different from that of the reaction heat by the upper
heat removing unit. It 1s, therefore, possible to suppress an
excessively increased recovery quantity of reaction heat by
the upper heat removing unit in association with an
increased recovery quantity of reaction heat by the lower
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heat removing unmit. Thereby, the reaction heat 1s recovered
appropriately at a part located further above from the lower
heat removing unit 1n the reactor, with excessive recovery of
reaction heat being suppressed.

According to the temperature control system of the pres-
ent invention, the temperature rise at the bottom side of the
reactor can be suppressed and the reaction heat can be
recovered appropriately at a part located further above from
the lower heat removing unit 1n the reactor, with excessive
recovery of reaction heat being suppressed. It 1s, therefore,
possible to control the temperature inside the reactor with
high accuracy.

Further, as described above, such a working eflect that the
temperature 1nside the reactor 1s controlled with high accu-
racy can be attained by supplying a liquid coolant different
in temperature to the lower heat removing unit and the upper
heat removing unit. Therefore, for example, there can be
climinated a necessity for adjusting a tlow rate of the liquid
coolant or the like flowing 1n each of the lower heat
removing umt and the upper heat removing unit. In addition,
the above working eflect can be attained simply and reliably.

The temperature control system of the present invention
may be further provided with a reaction heat temperature
determination unit which determines the temperature nside
the bottom of the reactor. The first temperature adjustment
unit 1s controlled on the basis of a determination result of the
reaction heat temperature determination unait.

According to the temperature control system of the pres-
ent invention, the first temperature adjustment unit 1s con-
trolled on the basis of the determination result of the reaction
heat temperature determination unit. Thus, even 1f reaction
heat at the bottom of the reactor changes 1 quantity, the
liquid coolant supplied to a lower heat transfer unit can be
adjusted for temperature so as to follow the change. Thereby,
it 1s possible to reliably attain the above working el

ecCt.
In the temperature control system of the present inven-
tion, the first temperature adjustment unit may be provided
with a coolant drum 1n which a liquid coolant 1s accommo-
dated 1n a gas-liquid equilibrium state, and a pressure control
unit which controls a pressure mside the coolant drum. The

pressure control unit controls the pressure inside the coolant
drum on the basis of deviation of an actual temperature
inside the bottom of the reactor determined by the reaction
heat temperature determination unit from a temperature set
value iside the bottom of the reactor, thereby controlling
the temperature of the liquid coolant inside the coolant
drum.

In this case, since the liquid coolant 1s accommodated
inside the coolant drum 1n a gas-liquid equilibrium state, the
pressure inside the coolant drum corresponds to the tem-
perature of the liquid coolant substantially 1n a one-to-one
relationship. The pressure control unit controls the pressure
inside the coolant drum by utilizing this relationship,
thereby directly controlling a temperature of the lhiquid
coolant supplied from the coolant drum to the lower heat
removing unit and controlling a recovery quantity of reac-
tion heat by the lower heat removing unit.

That 1s, in the temperature control system, first, on the
basis of the deviation of an actual temperature nside the
bottom of the reactor from a temperature set value, the
pressure control unit controls a pressure nside the coolant
drum. Then, depending on a correlation with a gas-liquid
equilibrium state inside the coolant drum, the liquid coolant
inside the coolant drum will change 1n temperature. Since
the liguid coolant 1s supplied to the lower heat removing
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4

unit, a heat quantity recovered by the lower heat removing
umt will change depending on a change 1n temperature of the
liquid coolant.

According to the temperature control system of the pres-
ent invention, the pressure control unit controls a pressure
inside the coolant drum on the basis of deviation of an actual
temperature inside the bottom of the reactor from a tem-
perature set value. Thereby, the liquid coolant supplied to the
lower heat removing unit 1s allowed to change 1n tempera-
ture, thus making 1t possible to adjust a heat quantity
recovered by the lower heat removing unit. Therefore, where
the actual temperature inside the bottom of the reactor 1s
higher than the temperature set value, the pressure nside the
coolant drum 1s controlled so as to be greater in heat quantity
recovered by the lower heat removing umit. In addition,
where the actual temperature 1s lower than the temperature
set value, the pressure 1nside the coolant drum 1s controlled
so as to be smaller in heat quantity recovered by the lower
heat removing unit. Thereby, the temperature inside the
bottom of the reactor can be controlled, with the target to the
temperature set value.

Further, the pressure control unit controls a pressure of the
coolant drum which corresponds to a temperature of the
liquid coolant supplied to the lower heat removing unit 1n a
one-to-one relationship, by which 1t 1s possible to directly
control the temperature of the liquid coolant supplied from
the coolant drum to the lower heat removing unit. Therefore,
as compared with a method 1n which the liquid coolant
which has been controlled for temperature externally 1s
supplied to the coolant drum, thereby controlling a tempera-
ture of the liqud coolant inside the coolant drum, the
temperature inside the bottom of the reactor can be con-
trolled quickly. It 1s, thereby, possible to reliably attain the
above-described working eflect.

As described above, in the method 1n which the liquid
coolant which has been controlled for temperature externally
1s supplied to the coolant drum, thereby controlling the
temperature of the liquid coolant nside the coolant drum,
the liquid coolant supplied externally and the liquid coolant
inside the coolant drum are less likely to be uniform 1n
temperature. Thus, there 1s a fear that the reactor may not be
controlled for temperature with high accuracy.

In the temperature control system of the present imnven-
tion, the coolant drum may be provided with a coolant
feeding unit which feeds a liquid coolant thereinto. In
addition, the coolant feeding unit may be disposed inside a
gas phase portion of the coolant drum.

According to the temperature control system of the pres-
ent mnvention, the coolant feeding unit 1s disposed 1nside the
gas phase portion of the coolant drum. Therefore, even 11 a
liquid coolant lower in temperature than the interior tem-
perature of the coolant drum 1s fed from the coolant feeding
unit, heat 1s transferred between the liquid coolant and steam
inside the coolant drum, by which the liquid coolant is
equalized 1 temperature with the steam and stored at a
liqguid phase portion inside the coolant drum. Thus, no
difference 1n temperature 1s found between the gas phase
portion and the liquid phase portion inside the coolant drum.
That 1s, heat 1s transferred efliciently at the gas phase portion
between the liquid coolant and the steam 1nside the coolant
drum. Therefore, even 1f the liquid coolant fed from the
coolant feeding umit 1s not externally pre-heated, no difler-
ence 1n temperature 1s found between the gas phase portion
and the liquid phase portion inside the coolant drum. A
pressure and a temperature nside the coolant drum can be
reliably kept so as to be correlated in a gas-liquid equilib-
rium state.
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In the temperature control system of the present inven-
tion, a dispersing unit which disperses a liquid coolant to the
gas phase portion may be formed at the coolant feeding unait.

According to the temperature control system of the pres-
ent mvention, the dispersing unit which disperses a liquid
coolant to the gas phase portion 1s formed at the coolant
teeding unit. Therefore, the liquid coolant fed from the
coolant feeding unit 1s increased 1n surface area, thus making
it possible to conduct heat transfer more smoothly between
the steam and the liquid coolant inside the coolant drum.
Thereby, a pressure and a temperature inside the coolant
drum can be kept more reliably so as to be correlated 1n a
gas-liquid equilibrium state.

In the temperature control system of the present inven-
tion, the coolant feeding unit may be formed in a tubular
shape, and the dispersing unit may be constituted with a
through hole formed on the coolant feeding unit.

According to the temperature control system of the pres-
ent mvention, since the dispersing unit 1s constituted with
the through hole formed on the coolant feeding unit, the
liquid coolant can be reliably dispersed.

The temperature control system of the present invention
may be provided with a return line which returns a mixed
phase fluid containing the steam generated at the lower heat
removing unit and a liquid coolant to the coolant drum, a
steam outlet line which discharges the steam inside the
coolant drum to outside a system, and a feed line which
supplies feed water composed of the liquid coolant to the
return line 1n a quantity of feed water matching a quantity of
stecam discharged outside the system.

According to the temperature control system of the pres-
ent 1nvention, a quantity of feed water matching a tflow rate
of steam discharged outside the system 1s converged into the
return line and directly mixed with a flow rate of steam
saturated in temperature inside the return line, by which the
feed water can be heated and evaporated prior to being
supplied to the coolant drum. Thereby, a gas-liquid tempera-
ture 1nside the coolant drum can be constantly maintained at
a saturated temperature.

Further, as compared with a case where the feed water 1s
directly supplied to the coolant drum, a complicated struc-
ture and establishment of large facilities are avoided, thus
making 1t possible to control uniformly a temperature inside
the coolant drum.

The temperature control system of the present invention
may be fturther provided with a control device which decides
the quantity of feed water on the basis of a product of a
difference between a relatively high temperature inside the
coolant drum and a relatively low temperature of the feed
water with a quantity of reaction heat inside the reactor, and
a water-supply adjustment device which sets the quantity of
teed water to be supplied from the feed line to the return line
depending on the quantity of feed water decided by the
control device.

According to the temperature control system of the pres-
ent invention, accurate computation can be made by the
control device so that the quantity of feed water 1s equal to
a flow rate of steam which 1s discharged outside the system
and accurate restrictions can be placed so that the quantity
of feed water will not exceed the flow rate of steam. It 1s,
thereby, possible to reliably prevent hammering resulting
from complete condensation at a converging portion.

In the temperature control system of the present inven-
tion, the quantity of feed water decided by the control device
may be computed by the following formula.

WL3=0Q/ Cpx(t1-13)+r},
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wherein

WL3 1s a quantity of feed water,

Q 1s a quantity of reaction heat 1nside the bottom of the
reactor,

Cp 1s a specific heat of liquid coolant,

t1 1s a temperature mnside the coolant drum or inside the
bottom of the reactor,

t3 1s a temperature of feed water, and

r 1s an evaporative latent heat of liquid coolant.

According to the temperature control system of the pres-
ent 1nvention, the above formula can be used to make an
accurate computation so that the quantity of feed water 1s
equal to or lower than the flow rate of steam discharged
outside the system. Thus, restrictions can be placed so that
the quantity of feed water will not exceed the flow rate of
steam.

In the temperature control system of the present mven-
tion, at the converging portion of the return line with the feed
line, the feed line may be connected to the return line at an
acute angle along a direction at which a mixed phase fluid
moves forward inside the return line.

According to the temperature control system of the pres-
ent invention, when feed water 1n the feed line 1s converged
with a mixed phase fluid of steam with a liquid coolant in the
return line, the feed water can be supplied along a direction
at which the mixed phase tluid flows. Thereby, 1t 1s possible
to prevent hammering caused by impact from collision of
the feed water against the mixed phase fluid when they are
made to converge.

In the temperature control system of the present mven-
tion, the feed line may be provided with a seal portion which
prevents reverse flow of steam. Thereby, 1t 1s possible to
prevent hammering caused by reverse flow of steam inside
the return line 1nto the feed line to result 1n condensation,
where the feed water 1s supplied 1n a smaller quantity.

In the temperature control system of the present mven-
tion, a spray nozzle which sprays feed water into the return
line may be installed on the feed line at the converging
portion of the return line with the feed line. As a result, when
the feed water 1s supplied to the return line from the feed line
at the converging portion, the spray nozzle 1s used to spray
the feed water and uniformly disperse the water, which 1s
then brought into contact with steam of the mixed phase
fluid. Thereby, 1t 1s possible to suppress abrupt condensation
of steam due to localization of the feed water and prevent
hammering.

The hydrocarbon synthesis reaction apparatus of the pres-
ent invention 1s a hydrocarbon synthesis reaction apparatus
in which a synthesis gas containing hydrogen gas and carbon
monoxide gas as main components 1s brought into contact
with a slurry prepared by suspending catalyst particles mside
a liquid medium to synthesize hydrocarbon compounds. The
hydrocarbon synthesis reaction apparatus 1s provided with a
reactor which accommodates the slurry and to which the
synthesis gas 1s supplied and the temperature control system.
Therefore, 1t 1s possible to suppress a local temperature rise
at the bottom side of the reactor.

The hydrocarbon synthesis reaction system of the present
invention 1s provided with the hydrocarbon synthesis reac-
tion apparatus, a synthesis gas production unit which
reforms a hydrocarbon feedstock to produce the synthesis
gas and then supplies the synthesis gas to the reactor, and an
upgrading unit which produces liquid fuels from the hydro-
carbon compounds. Thereby, it 1s possible to suppress the
local temperature rise at the bottom side of the reactor.

The temperature control process of the present invention
1s a temperature control process in which a temperature
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control system composed of a lower heat removing unit
which 1s disposed at the bottom of a reactor in which an
exothermic reaction takes place mnside and through which a
liquid coolant 1s flowed and an upper heat removing unit
which 1s disposed further above from the lower heat remov-
ing unit in the reactor and through which the liquid coolant
1s flowed 1s used to recover reaction heat 1nside the reactor,
thereby controlling the temperature inside the reactor. The
liquid coolant which 1s supplied to the lower heat removing
unit 1s made lower 1n temperature than the liquid coolant
which 1s supplied to the upper heat removing unit.

In the present invention, the liquid coolant supplied to the
lower heat removing unit 1s made lower 1n temperature than
the liquid coolant supplied to the upper heat removing unit,
or the liquid coolant 1s 1ncreased 1n flow rate by 1tself to
recover a greater heat quantity. Therefore, 1t 1s possible to
suppress a temperature rise at the bottom side of the reactor
and also to recover the reaction heat appropriately at a part
located further above from the lower heat removing unit 1n
the reactor, with excessive recovery being suppressed.

According to the temperature control process of the
present mvention, 1t 1s possible to suppress a temperature
rise at the bottom side of the reactor and also recover the
reaction heat approprniately at a part located further above
from the lower heat removing unit in the reactor, with
excessive recovery being suppressed. Thus, 1t 1s possible to
control the temperature nside the reactor with high accu-
racy.

Further, as described above, a liquid coolant different in
temperature 1s supplied to each of the lower heat removing,
unit and the upper heat removing unit, thus making 1t
possible to attain the working eflect that a temperature inside
the reactor 1s controlled with high accuracy. Therefore, for
example, there 1s eliminated the necessity for adjusting a
flow rate of the liquid coolant which 1s flowed through the
lower heat removing unit and the upper heat removing unit
or the like. In addition, the above working eflect can be
attained simply and reliably.

Advantageous Effects of the Invention

According to the present invention, 1t 1s possible to
control a temperature inside the reactor with high accuracy.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram which shows an entire
constitution of a liquid fuel synthesizing system of one
embodiment of the present invention.

FIG. 2 1s a schematic flow chart of a temperature control
system which constitutes the liquid fuel synthesizing system
shown 1n FIG. 1.

FIG. 3 1s a cross sectional view of a coolant drum shown
in FIG. 1.

FIG. 4 1s a longitudinal sectional view of the coolant drum
shown 1n FIG. 1.

FIG. 5 15 a cross sectional view of a coolant drum of one
reference example of the present invention.

FIG. 6 1s a schematic flow chart which shows a tempera-
ture control system of one reference example of the present
invention.

FIG. 7 1s a schematic flow chart which shows a tempera-
ture control system of a second embodiment of the present
invention.

FIG. 8 1s a view which describes recycle lines of water
and steam 1n the temperature control system shown in FIG.
7 as well as the flow rate and the temperature thereof.
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FIG. 9 1s a view which describes a converging portion of
a return line with a feed line of a first modified example 1n

the temperature control system shown in FIG. 7.

FIG. 10 1s a view which describes a converging portion of
a return line with a feed line of a second modified example
in the temperature control system shown in FIG. 7.

FIG. 11 1s a view which describes a converging portion of
a return line with a feed line of a third modified example 1n
the temperature control system shown in FIG. 7.

FIG. 12 1s a graph which shows a change 1n percentage of
steam at an outlet of a slurry bubble column reactor 1n the
temperature control system shown in FIG. 7 and a change
thereof on the return line after being converged.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Heremaftter, a description will be given of one embodi-
ment of the liquid tuel synthesizing system in one embodi-
ment of the present invention with reference to the drawings.
(Liquid Fuel Synthesizing System)

As 1illustrated mm FIG. 1, the ligmd fuel synthesizing
system (hydrocarbon synthesis reaction system) 1 1s a plant
tacility which carries out a GTL process that converts a
hydrocarbon feedstock such as a natural gas 1nto liquid fuels.
This liquid fuel synthesizing system 1 includes a synthesis
gas production unit 3, an FT synthesis unit (hydrocarbon
synthesis reaction apparatus) 3, and an upgrading unit 7. The
synthesis gas production unit 3 reforms a natural gas that
functions as a hydrocarbon feedstock to produce a synthesis
gas containing carbon monoxide gas and hydrogen gas. The
FT synthesizing unit 5 produces liquid hydrocarbon com-
pounds from the produced synthesis gas via the FT synthesis
reaction. The upgrading unit 7 hydrotreats the liquid hydro-
carbon compounds synthesized by the FT synthesis reaction
to produce liquid tuels and other products (such as naphtha,
kerosene, gas o1l, and wax). Structural elements of each of
these units are described below.

First 1s a description of the synthesis gas production unit
3.

The synthesis gas production unmit 3 1s, for example,
composed mainly of a desulfurization reactor 10, a reformer
12, a waste heat boiler 14, gas-liquid separators 16 and 18,
a CO, removal unit 20, and a hydrogen separator 26. The
desulfurization reactor 10 1s composed of a hydrodesuliur-
izer and the like, and removes sulfur components from the
natural gas that functions as the feedstock. The reformer 12
reforms the natural gas supplied from the desulfurization
reactor 10 to produce a synthesis gas containing carbon
monoxide gas (CO) and hydrogen gas (H,) as main com-
ponents. The waste heat boiler 14 recovers waste heat from
the synthesis gas produced in the reformer 12 to generate a
high-pressure steam. The gas-liquid separator 16 separates
the water that has been heated by heat exchange with the
synthesis gas in the waste heat boiler 14 mto a gas (high-
pressure steam) and a liquid. The gas-liquid separator 18
removes a condensed component from the synthesis gas that
has been cooled 1n the waste heat boiler 14, and supplies a
gas component to the CO, removal umt 20. The CO,
removal unit 20 has an absorption tower (second absorption
tower) 22 and a regeneration tower 24. The absorption tower
22 uses an absorbent to absorb carbon dioxide gas contained
in the synthesis gas supplied from the gas-liquid separator
18. The regeneration tower 24 strips the carbon dioxide gas
absorbed by the absorbent, thereby regenerating the absor-
bent. The hydrogen separator 26 separates a portion of the
hydrogen gas contained in the synthesis gas from which the
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carbon dioxide gas has already been separated by the CO,
removal unit 20. In some cases, the above CO,, removal unit
20 may not need to be provided.

In the reformer 12, for example, by utilizing a steam and
carbon dioxide gas reforming method represented by the
chemical reaction formulas (1) and (2) shown below, the
natural gas 1s reformed by carbon dioxide and steam, and a
high-temperature synthesis gas 1s produced which includes
carbon monoxide gas and hydrogen gas as main compo-
nents. However, the reforming method employed in the
reformer 12 1s not limited to this steam and carbon dioxide
gas reforming method. For example, a steam reforming
method, a partial oxidation reforming method (POX) using
oxygen, an autothermal reforming method (ATR) that 1s a
combination of a partial oxidation reforming method and a
steam reforming method, or a carbon dioxide gas reforming
method and so on, may also be used.

Chemical Formula 1:

CH,+H,0—CO+3H, (1)

CH,+CO,—2CO+21, (2)

The hydrogen separator 26 1s provided on a branch line
that branches ofl a main line which connects the CO,
removal unit 20 or the gas-liquid separator 18 with a slurry
bubble column reactor 30. This hydrogen separator 26 may
be composed of, for example, a hydrogen PSA (Pressure
Swing Adsorption) apparatus, that performs adsorption and
desorption of hydrogen by utilizing a pressure diflerence.
This hydrogen PSA apparatus has adsorbents (such as a
zeolitic adsorbent, activated carbon, alumina or silica gel)
packed 1nside a plurality of adsorption towers (not shown in
the drawing) that are arranged in parallel. By sequentially
repeating each of the steps of hydrogen pressurization,
adsorption, desorption (depressurization) and purging within
cach of these adsorption towers, the hydrogen PSA appara-
tus can continuously supply a high-purity hydrogen gas (of
approximately 99.999% purity, for example) that has been
separated from the synthesis gas.

The hydrogen gas separating method employed in the
hydrogen separator 26 1s not limited to the type of pressure
swing adsorption method utilized by the above hydrogen
PSA apparatus, and for example, a hydrogen storing alloy
adsorption method, a membrane separation method, or a
combination thereol may also be used.

The hydrogen storing alloy method 1s a technique for
separating hydrogen gas using, for example, a hydrogen
storing alloy (such as TiFe, LaNis, TiFe 5 ., 0 ;Mg 3 4 0,135
or TiMn, ;) that exhibits hydrogen adsorption and strip
properties upon cooling and heating respectively. In the
hydrogen storing alloy method, for example, hydrogen
adsorption by cooling the hydrogen storing alloy, and hydro-
gen strip by heating the hydrogen storing alloy may be
repeated alternately within a plurality of adsorption towers
containing the hydrogen storing alloy. In this manner, hydro-
gen gas contained 1n the synthesis gas can be separated and
recovered.

The membrane separation method 1s a technique that uses
a membrane composed of a polymer material such as an
aromatic polyimide to separate hydrogen gas, which exhibits
superior membrane permeability, from a mixed gas. Since
the membrane separation method does not require a phase
change of the separation target materials 1n order to achieve
separation, less energy 1s required for the separation opera-
tion, meaning the running costs are low. Further, because the
structure of a membrane separation device 1s simple and
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compact, the facility costs are low and the surface area
required to install the facility 1s small. Moreover, there 1s no
driving device in a separation membrane and the stable
operating range 1s broad, which offers another advantage 1n
that maintenance 1s comparatively easy.

Next 1s a description of the FT synthesis unit 3.

The FT synthesis unit 5 mainly includes, for example, the
reactor 30, a separator 36, a gas-liquid separator 38, and a
first fractionator 40. The reactor 30 uses the F1 synthesis
reaction to synthesize liquid hydrocarbon compounds from
the synthesis gas produced by the above-described synthesis
gas production unit 3, that 1s, from carbon monoxide gas and
hydrogen gas. The separator 36 1s connected to the middle
section of the reactor 30, and separates the catalyst and the
liquid hydrocarbon compounds. The gas-liquid separator 38
1s connected to the top of the reactor 30 and cools any
unreacted synthesis gas and gaseous hydrocarbon com-
pounds. The first fractionator 40 {fractionally distills the
liquid hydrocarbon compounds that have been supplied from
the reactor 30 via the separator 36 and the gas-liquid
separator 38 into a series of fractions.

The reactor 30 1s an example of a reactor that synthesizes
liguid hydrocarbon compounds from a synthesis gas, and
functions as an F'T synthesis reactor that synthesizes liquid
hydrocarbon compounds from the synthesis gas by the FT
synthesis reaction. The reactor 30 1s formed, for example,
from a bubble column slurry bed type reactor in which a
slurry composed mainly of catalyst particles and an o1l
medium (liquid medium, liquid hydrocarbons) 1s stored
inside a column type vessel. This reactor 30 synthesizes
gaseous or liquid hydrocarbon compounds from the synthe-
s1s gas by the FT synthesis reaction. Specifically, in the
reactor 30, a synthesis gas that represents the feedstock gas
1s supplied as gas bubbles from a dispersion plate positioned
in the bottom of the reactor 30, and these gas bubbles pass
through the slurry, which has been formed by suspending
catalyst particles in the o1l medium. In this suspended state,
the hydrogen gas and carbon monoxide gas contained 1n the
synthesis gas react with each other to synthesize hydrocar-
bon compounds, as shown 1n the following chemical reac-
tion formula (3).

Chemical Formula 2:

2nH, +1nCO—>—CH,-)-, +#1H,0 (3)

In addition, because the FT synthesis reaction 1s an
exothermic reaction, the reactor 30 1s a heat exchange
type-reactor 1n which heat transfer tubes (a lower heat
removing unit and an upper heat removing unit) 32a, 3256
constituting the temperature control system 80 are internally
disposed. The reactor 30 1s supplied, for example, with water
(BFW: Boiler Feed Water) as a coolant, so that the reaction
heat of the FT synthesis reaction can be recovered in the
form of a middle-pressure steam by heat exchange between
the slurry and the water.

Next 1s a description of the upgrading unit 7. The upgrad-
ing unit 7 includes, for example, a wax fraction hydrocrack-
ing reactor 50, a middle distillate hydrotreating reactor 52,
a naphtha fraction hydrotreating reactor 34, gas-liquid sepa-
rators 56, 58 and 60, a second fractionator 70, and a naphtha
stabilizer 72. The wax fraction hydrocracking reactor 50 1s
connected to the bottom of the first fractionator 40. The
middle distillate hydrotreating reactor 52 1s connected to a
middle section of the first fractionator 40. The naphtha
fraction hydrotreating reactor 54 1s connected to the top of
the first fractionator 40. The gas-liquid separators 56, 38 and
60 are provided so as to correspond to the hydrogenation
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reactors 50, 52 and 54 respectively. The second fractionator
70 fractionally distills the ligmd hydrocarbon compounds
supplied from the gas-liquid separators 56 and 58. The
naphtha stabilizer 72 rectifies the liquid hydrocarbon com-
pounds within the naphtha fraction supplied from the gas-
liquid separator 60 and fractionally distilled 1n the second
fractionator 70. As a result, the naphtha stabilizer 72 dis-
charges butane and components lighter than butane as an
ofl-gas, and recovers components having a carbon number
of five or greater as a naphtha product.

Next 1s a description of a process for synthesizing liquid
tuels from a natural gas (GTL process) using the liquid fuel
synthesizing system 1 having the structure described above.

A natural gas (the main component of which 1s CH,) 1s
supplied as a hydrocarbon feedstock to the liquid fuel
synthesizing system 1 from an external natural gas supply
source (not shown 1n the drawing), such as a natural gas field
or a natural gas plant. The above synthesis gas production
unit 3 reforms the natural gas to produce a synthesis gas (a
mixed gas containing carbon monoxide gas and hydrogen
gas as main components).

Specifically, first, the natural gas described above 1is
introduced to the desulfurization reactor 10 together with the
hydrogen gas separated by the hydrogen separator 26. In the
desulfurization reactor 10, sulfur components included 1n
the natural gas are converted into hydrogen sulfide by the
introduced hydrogen gas and the hydrodesuliurization cata-
lyst. Further, 1in the desulfurization reactor 10, the produced
hydrogen sulfide 1s absorbed and removed by a desulfurizing
agent such as ZnO. By desulfurizing the natural gas in
advance in this manner, reduction i the activity of the
catalysts used 1n the reformer 12, the reactor 30 and so on,
due to sulfur can be prevented.

The natural gas (which may also include carbon dioxide)
that has been desulturized in this manner 1s supplied to the
reformer 12 after mixing with carbon dioxide gas (CO,)
supplied from a carbon dioxide supply source (not shown 1n
the drawing) and the steam generated 1n the waste heat boiler
14. In the reformer 12, for example, the natural gas 1s
reformed by the carbon dioxide gas and the steam via the
aforementioned steam-carbon dioxide reforming process,
thereby producing a high-temperature synthesis gas includ-
ing carbon monoxide gas and hydrogen gas as main com-
ponents. At this time, for example, a fuel gas and air for a
burner installed 1 the reformer 12 are supplied to the
reformer 12, and the combustion heat from the fuel gas 1n the
burner 1s used to provide the necessary reaction heat for the
above steam-carbon dioxide gas reforming reaction, which
1s an endothermic reaction.

The high-temperature synthesis gas (for example, 900°
C., 2.0 MPaG) produced 1n the reformer 12 1n this manner
1s supplied to the waste heat boiler 14, and 1s cooled (for
example, to 400° C.) by heat exchange with the water
flowing through the waste heat boiler 14, thereby recovering
the waste heat from the synthesis gas.

At this time, the water heated by the synthesis gas 1n the
waste heat boiler 14 1s supplied to the gas-liquid separator
16. In the gas-liquid separator 16, the water that has been
heated by the synthesis gas 1s separated into a high-pressure
stcam (for example, 3.4 to 10.0 MPaG) and water. The
separated high-pressure steam 1s supplied to the reformer 12
or other external devices, whereas the separated water is
returned to the waste heat boiler 14.

Meanwhile, the synthesis gas that has been cooled within
the waste heat boiler 14 1s supplied to either the absorption
tower 22 of the CO, removal unit 20 or the reactor 30, after
a condensed liquid fraction has been separated and removed
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from the synthesis gas 1n the gas-liquid separator 18. In the
absorption tower 22, carbon dioxide gas contained in the
synthesis gas 1s absorbed by an absorbent stored in the
absorption tower 22, thereby removing the carbon dioxide
gas from the synthesis gas. The absorbent that has absorbed
the carbon dioxide gas within the absorption tower 22 1s
discharged from the absorption tower 22 and introduced into
the regeneration tower 24. This absorbent that has been
introduced 1nto the regeneration tower 24 1s then heated, for
example, with steam, and subjected to a stripping treatment
to strip the carbon dioxide gas. The striped carbon dioxide
gas 15 discharged from the regeneration tower 24 and 1ntro-
duced into the reformer 12, where i1t can be reused for the
above reforming reaction.

The synthesis gas produced 1n the synthesis gas produc-
tion unit 3 in this manner 1s supplied to the reactor 30 of the
above F'T synthesis unit 5. At this time, the composition ratio
of the synthesis gas supplied to the reactor 30 1s adjusted to
a composition ratio suitable for the FT synthesis reaction
(for example, H,:CO=2:1 (molar ratio)). In addition, the
synthesis gas supplied to the reactor 30 1s pressurized to a
pressure suitable for the FT synthesis reaction (for example,
approximately 3.6 MPaG) by a compressor (not shown 1n
the drawing) provided in the line connecting the CO,
removal umt 20 with the reactor 30.

Furthermore, a portion of the synthesis gas that has
undergone separation of the carbon dioxide gas by the above
CO, removal unit 20 1s also supplied to the hydrogen
separator 26. In the hydrogen separator 26, the hydrogen gas
contained 1n the synthesis gas 1s separated by adsorption and
desorption utilizing a pressure diflerence (hydrogen PSA) as
described above. The separated hydrogen gas 1s supplied
continuously from a gas holder or the like (not shown 1n the
drawing) via a compressor (not shown in the drawing) to the
various hydrogen-utilizing reactors (for example, the desul-
furization reactor 10, the wax fraction hydrocracking reactor
50, the middle distillate hydrotreating reactor 52, the naph-
tha fraction hydrotreating reactor 54 and so on) within the
liquid fuel synthesizing system 1 that perform predeter-
mined reactions using hydrogen.

Next, the FT synthesis unit 5 synthesizes liquid hydro-
carbon compounds by the FT synthesis reaction from the
synthesis gas produced in the above synthesis gas produc-
tion unit 3.

Specifically, the synthesis gas that has undergone sepa-
ration of the carbon dioxide gas by the above CO, removal
unmit 20 1s introduced 1nto the reactor 30, and flows through
the slurry including the catalyst contained in the reactor 30.
During this time within the reactor 30, the carbon monoxide
and hydrogen gas contained in the synthesis gas react with
cach other by the aforementioned FT synthesis reaction, and
hydrocarbon compounds are produced. Moreover, during
this FT synthesis reaction, the reaction heat of the FT
synthesis reaction 1s recovered by the water (liquid coolant)
flowing (circulating) through the heat transter tubes 32a,
325 of the reactor 30, and the water that has been heated by
this reaction heat 1s vaporized i1nto steam.

The liquid hydrocarbon compounds synthesized in the
reactor 30 1n this manner are discharged from the middle
section of the reactor 30 as a slurry that includes catalyst
particles, and this slurry 1s itroduced into the separator 36.
In the separator 36, the introduced slurry 1s separated into
the catalyst (the solid fraction) and a liquid fraction con-
taining the liquid hydrocarbon compounds. A portion of the
separated catalyst 1s returned to the reactor 30, whereas the
liquad fraction 1s mtroduced into the first fractionator 40.
Gaseous by-products, including unreacted synthesis gas
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from the FT synthesis reaction and gaseous hydrocarbon
compounds produced in the FT synthesis reaction, are
discharged from the top of the reactor 30. The gaseous
by-products discharged from the reactor 30 are introduced
into the gas-liquid separator 38. In the gas-liquid separator
38, the introduced gaseous by-products are cooled and
separated into condensed liquid hydrocarbon compounds
and a gas fraction. The separated liqud hydrocarbon com-
pounds are discharged from the gas-liquid separator 38 and
introduced 1nto the first fractionator 40. The separated gas
fraction 1s discharged from the gas-liquid separator 38, with
a portion of the gas fraction being reintroduced into the
reactor 30. In the reactor 30, the unreacted synthesis gases
(CO and H,) contained 1n this reintroduced gas fraction are
reused for the FT synthesis reaction. Further, the remaining
portion of the gas fraction discharged from the gas-liquid
separator 38 may be used as an ofl-gas fuel, or fuels
equivalent to LPG (Liquetied Petroleum Gas) may be recov-
ered from the gas fraction.

In the first fractionator 40, the liquid hydrocarbon com-
pounds (with various carbon numbers) supplied from the
reactor 30 via the separator 36 and the gas-liquid separator
38 1n the manner described above are fractionally distilled
into a naphtha fraction (with a boiling point that 1s lower
than approximately 150° C.), a middle distillate (with a
boiling point of approximately 150 to 350° C.) and a wax
fraction (with a boiling point that exceeds approximately
350° C.). The ligumid hydrocarbon compounds of the wax
fraction (mainly C,, or higher) discharged from the bottom
of the first fractionator 40 are introduced into the wax
fraction hydrocracking reactor 50. The liquid hydrocarbon
compounds of the middle distillate equivalent to kerosene
and gas o1l (mainly C,, to C,,) discharged from the middle
section of the first fractionator 40 are introduced into the
middle distillate hydrotreating reactor 52. The liquid hydro-
carbon compounds of the naphtha fraction (mainly C; to
C,,) discharged from the top of the first fractionator 40 are
introduced into the naphtha fraction hydrotreating reactor
54.

The wax fraction hydrocracking reactor 50 hydrocracks
the liquid hydrocarbon compounds of the high-carbon num-
ber wax fraction (hydrocarbons of approximately C,, or
higher) discharged from the bottom of the first fractionator
40 by using the hydrogen gas supplied from the above-
described hydrogen separator 26 to reduce the carbon num-
ber to 20 or less. In this hydrocracking reaction, C—C bonds
of hydrocarbon compounds with a large carbon number are
cleaved. This process converts the hydrocarbon compounds
with a large carbon number to hydrocarbon compounds with
a small carbon number. Further, in the wax fraction hydro-
cracking reactor 350, the reaction for hydroisomerizing linear
saturated hydrocarbon compounds (normal paraflins) to pro-
duce branched saturated hydrocarbon compounds (isoparat-
fins) proceeds 1n parallel with the hydrocracking reaction.
This improves the low-temperature flmdity of the wax
fraction hydrocracked product, which 1s a required property
for a fuel o1l base stock. Moreover, in the wax fraction
hydrocracking reactor 50, a hydrodeoxygenation reaction of
oxygen-containing compounds such as alcohols, and a
hydrogenation reaction of olefins, both of which may be
contained 1n the wax fraction that functions as the feedstock,
also proceed during the hydrocracking process. The prod-
ucts including the liquid hydrocarbon compounds hydroc-
racked and discharged from the wax fraction hydrocracking,
reactor 50 are introduced into the gas-liquid separator 36,
and separated into a gas and a liqud. The separated liquid
hydrocarbon compounds are introduced into the second
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fractionator 70, and the separated gas fraction (which
includes hydrogen gas) 1s introduced into the middle distil-
late hydrotreating reactor 52 and the naphtha {fraction
hydrotreating reactor 54.

In the middle distillate hydrotreating reactor 52, the liquid
hydrocarbon compounds of the middle distillate equivalent
to kerosene and gas oil, which have a mid-range carbon
number (of approximately C,, to C,,) and have been dis-
charged from the middle section of the first fractionator 40,
are hydrotreated. In the middle distillate hydrotreating reac-
tor 52, hydrogen gas supplied from the hydrogen separator
26 via the wax fraction hydrocracking reactor 50 1s used for
the hydrotreating. In this hydrotreating reaction, olefins
contained 1n the above liquid hydrocarbon compounds are
hydrogenated to produce saturated hydrocarbon compounds,
and oxygen-contaiming compounds such as alcohols con-
tamned 1n the liqud hydrocarbon compounds are hydrode-
oxygenated and converted into saturated hydrocarbon com-
pounds and water. Moreover, 1n this hydrotreating reaction,
a hydroisomerization reaction that 1somerizes linear satu-
rated hydrocarbon compounds (normal parathns) and con-
verts them into branched saturated hydrocarbon compounds
(1soparathns) also proceeds, thereby improving the low-
temperature fluidity of the product oil, which 1s a required
property for a fuel oi1l. The product including the
hydrotreated liquid hydrocarbon compounds 1s separated
into a gas and a liquid 1n the gas-liquid separator 58.

The separated liquid hydrocarbon compounds are intro-
duced into the second fractionator 70, and the separated gas
fraction (which includes hydrogen gas) 1s reused for the
above hydrogenation reaction.

In the naphtha fraction hydrotreating reactor 54, the liquid
hydrocarbon compounds of the naphtha fraction, which have
a low carbon number (approximately C,, or less) and have
been discharged from the top of the first fractionator 40, are
hydrotreated. In the naphtha fraction hydrotreating reactor
54, hydrogen gas supplied from the hydrogen separator 26
via the wax fraction hydrocracking reactor 50 1s used for the
hydrotreating. As a result, a product including the
hydrotreated liquid hydrocarbon compounds 1s separated
into a gas and a liqud in the gas-liquid separator 60. The
separated liquid hydrocarbon compounds are introduced
into the naphtha stabilizer 72, and the separated gas fraction
(which includes hydrogen gas) 1s reused for the above
hydrogenation reaction. In the naphtha fraction hydrotreat-
ing reaction, the hydrogenation of olefins and hydrodeoxy-
genation ol oxygen-containing compounds such as alcohols
mainly proceed.

In the second {fractionator 70, the liqmd hydrocarbon
compounds supplied from the wax fraction hydrocracking
reactor 50 and the middle distillate hydrotreating reactor 52
in the manner described above are fractionally distilled into
hydrocarbon compounds with a carbon number of C,, or
less (with boiling points lower than approximately 150° C.),
a kerosene fraction (with a boiling point of approximately
150 to 250° C.), a gas o1l fraction (with a boiling point of
approximately 250 to 350° C.) and an uncracked wax
fraction (with a boiling point exceeding approximately 350°
C.) from the wax fraction hydrocracking reactor 50. The
uncracked wax fraction 1s obtained from the bottom of the
second fractionator 70, and this 1s recycled to a position
upstream of the wax fraction hydrocracking reactor 50.

Kerosene and gas o1l are discharged from the middle
section of the second fractionator 70. Meanwhile, gaseous
hydrocarbon compounds of C,, or less are discharged from
the top of the second fractionator 70 and introduced into the
naphtha stabilizer 72.
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In the naphtha stabilizer 72, the hydrocarbon compounds
of C,, or less, which have been supplied from the naphtha
fraction hydrotreating reactor 54 and fractionally distilled 1n
the second fractionator 70, are distilled, and naphtha (C; to
C,,) 1s obtained as a product. Accordingly, high-purity
naphtha 1s discharged from the bottom of the naphtha
stabilizer 72. Meanwhile, an ofl-gas including mainly hydro-
carbon compounds with a predetermined carbon number or
less (C, or less), which 1s not a targeted product, 1s dis-
charged from the top of the naphtha stabilizer 72. This
ofl-gas 1s used as a fuel gas, or alternatively, a fuel equiva-
lent to LPG may be recovered from the ofl-gas.

Next, a description will be given of the temperature
control system 100 which recovers reaction heat inside the
reactor 30 to control a temperature inside the reactor 30. This
temperature control system 100 1s, as described above,
installed on the reactor 30 for accommodating a slurry,
thereby recovering in the reactor 30 the reaction heat of the
FT synthesis reaction (exothermic reaction) caused by bring-
ing the synthesis gas supplied from the bottom 30a thereof
into contact with the slurry.

FIRST EMBODIMENT

As shown 1n FIG. 2, the temperature control system 100
1s provided with the heat transfer tubes 32a, 325. As the heat
transfer tubes 32a, 32b, there are provided a lower heat
transfer tube (lower heat removing unit) 32a¢ which 1s
disposed inside a bottom 30a of the reactor 30 and an upper
heat transfer tube (upper heat removing unit) 326 which 1s
disposed 1nside a part located further above from the lower
heat transter tube 32a in the reactor 30. In the illustrated
example, two upper heat transier tubes 3256 are arranged,
with an interval kept vertically. These two upper heat
transier tubes 326 are arranged inside a top 305 of the
reactor 30 and also inside a middle section 30c between the
top 3056 and the bottom 30a of the reactor 30.

Then, 1n the present embodiment, the lower heat transier
tube 32a 1s supplied with water which has been adjusted for
temperature by a first temperature adjustment unit 121. And,
the upper heat transter tube 325 1s supplied with water which
has been adjusted for temperature by a second temperature
adjustment unmit 122 different from the first temperature
adjustment unit 121.

The first temperature adjustment unit 121 1s provided with
a coolant drum 101 which accommodates water 1n a gas-
liquid equilibrium state, and a pressure control unit 118
which controls a pressure 1nside the coolant drum 101.

The coolant drum 101 and the lower heat transfer tube 324
are connected by a delivery line 113 provided with a tlow
rate adjustable pump 104. Water inside the coolant drum 101
1s sent from the bottom of the coolant drum 101 to the lower
heat transier tube 32a by the pump 104.

A mixed phase fluid of steam resulting from evaporation
ol some water 1n the lower heat transfer tube 32a and water
1s returned to the coolant drum 101 through a return line 112
which connects the lower heat transfer tube 32a with the
coolant drum 101.

The pressure control unit 118 1s provided with a steam
outlet line 111 which discharges steam inside the coolant
drum 101, a pressure adjusting valve 103 which 1s installed
on the steam outlet line 111, and a pressure setting unit 109
which controls the pressure adjusting valve 103 to set the
pressure inside the coolant drum 101.

The steam which has been discharged through the steam
outlet line 111 1s supplied to a steam user outside a system.
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A steam trap (not shown in the drawing) may be provided on
the downstream side of the steam outlet line 111.

The pressure setting umt 109 controls a discharged quan-
tity of steam 1nside the coolant drum 101 which has passed
through the steam outlet line 111 by using the pressure
adjusting valve 103, thereby setting a pressure inside the
coolant drum 101. To the pressure setting unit 109, there 1s
sent a determination result inside the bottom 30aq of the
reactor 30 from the reaction heat temperature determination
unmit 106 which determines a temperature iside the reactor
30. The pressure setting unit 109 sets a pressure inside the
coolant drum 101 on the basis of the determination result.

The reaction heat temperature determination unit 106 can
be constituted, for example, with a plurality of temperature
sensors (not shown 1n the drawing) disposed apart from each
other vertically in the reactor 30.

Moreover, feed water (water) 1s supplied through the feed
line 110 1n a quantity matching a quantity of steam dis-
charged outside the system by the pressure control umt 118
through the steam outlet line 111.

As shown 1n FIG. 3 and FIG. 4, a feed-water inner line
(coolant feeding unit) 114 extended along the longitudinal
direction of the coolant drum 101 1s connected with the feed
line 110. The feed-water inner line 114 1s 1installed 1n a steam
phase of the coolant drum 101.

One or more holes (through holes) 115 are provided on a
side surface 114a of the feed-water inner line 114 along the
tube axial direction, and one or more holes 115 are also
provided at a line end 1145. Then, these holes 115 constitute
water sprinkling units (dispersing units) 119 which sprinkle
(disperse) feed water into the steam phase from the feed-
water mner line 114. Each of the holes 115 may be a
sprinkling nozzle.

Further, a return inner line 1124 connected to the return
line 112 1s also 1installed inside the steam phase of the
coolant drum 101. A mixed phase flmid of steam resulting
from evaporation of some water 1n the lower heat transfer
tube 32aq and water 1s supplied into the coolant drum 101
from the return mnner line 112a. The return mnner line 1124
1s located further above from the feed-water inner line 114
and also arranged at a position away from a perpendicular
upper side of the feed-water mner line 114. Then, the return
inner line 112a 1s curved toward the feed-water mnner line
114 side, by which steam tlowed inside the return inner line
1124 1s supplied to the feed-water inner line 114.

As shown 1 FIG. 2, a quantity of feed water supplied
from the feed line 110 1s adjusted by a level adjusting valve
102 on the basis of a determination result of a level deter-
mination unit 117 which determines a water level (liquid
level) 1nside the coolant drum 101.

Here, the second temperature adjustment unmit 122 1s
constituted substantially in a similar manner as the first
temperature adjustment unit 121. In the second temperature
adjustment unit 122, the same reference numerals are given
to the same parts as structural elements of the first tempera-
ture adjustment unit 121, with the description thereof being
omitted. A description will only be given of a different part.

The delivery line 113 of the second temperature adjust-
ment unit 122 1s branched to the downstream side from the
pump 104 and connected to each of the upper heat transier
tubes 32b at each branched site.

Further, the return line 112 of the second temperature
adjustment unit 122 1s extended from each of the both upper
heat transter tubes 325, converged on 1ts way and, thereaftter,
connected to the coolant drum 101.

Then, to the pressure setting umit 109 of the second
temperature adjustment umit 122, there 1s sent each of
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determination results inside the top 306 and the maiddle
section 30c¢ of the reactor 30 from the reaction heat tem-
perature determination unit 106. The pressure setting unit
109 sets a pressure 1nside the coolant drum 101 on the basis
of the determination results.

A description will be given of one example of operating
the above-constituted temperature control system 100.

In the temperature control system 100, the first tempera-
ture adjustment unit 121 adjusts a temperature of water so as
to be lower than a temperature of water adjusted by the
second temperature adjustment unit 122. Thereby, a quantity
of reaction heat recovered by the lower heat transfer tube
32a can be made greater than that of reaction heat recovered
by the upper heat transier tube 325. At this time, a ratio of
the quantity of reaction heat recovered by the lower heat
transier tube 32a to that of reaction heat recovered by the
upper heat transier tube 326 can be made approximately 3:1,
or the like, for example.

Further, in the present embodiment, the first temperature
adjustment unit 121 adjusts a temperature of water so as to
be lower than a temperature of water adjusted by the second
temperature adjustment unit 122, by which an actual tem-
perature iside the bottom 30a of the reactor 30 1s made
lower than an actual temperature 1nside each of the middle
section 30c and the top 305 located further above from the
bottom 30q in the reactor 30. At this time, for example, the
actual temperature inside the bottom 30a of the reactor 30
can be made, for example, approximately 200° C., and the
actual temperature 1nside each of the middle section 30c¢ and
the top 306 of the reactor 30 can be made, for example,
approximately 230° C.

Here, the actual temperature inside each of the bottom
30a, the middle section 30c¢ and the top 306 1n the reactor 30
can be determined by the reaction heat temperature deter-
mination unit 106.

Therefore, 1n the present embodiment, the pressure con-
trol unmit 118 of the first temperature adjustment unit 121
controls a pressure inside the coolant drum 101 on the basis
of deviation of an actual temperature 1nside the bottom 30a
of the reactor 30 determined by the reaction heat tempera-
ture determination umt 106 from a temperature set value
inside the bottom 30a, thereby controlling a temperature of
water iside the coolant drum 101.

That 1s, since a steam phase (gas phase portion) and a
water phase (liquid phase portion) inside the coolant drum
101 are 1n a gas-liquid equilibrium state, a steam phase
pressure of the coolant drum 101 1s constantly correlated
with a water phase temperature of the coolant drum 101.
Therefore, where an actual temperature of the bottom 30a
determined by the reaction heat temperature determination
unit 106 1s deviated from a temperature set value at the
bottom 30a of the reactor 30, the pressure control umt 118
1s actuated to change the steam phase pressure of the coolant
drum 101.

Then, the water phase inside the coolant drum 101 1s
changed 1n temperature, thus making 1t possible to change a
heat quantity recovered by the lower heat transier tube 324
and bring a temperature at the bottom 30a of the reactor 30
close to a temperature set value. Where one example of a
relationship between water temperature and saturated steam
pressure 1s exemplified, a saturated steam pressure at 193°
C. 1s approximately 14760.75 hPa, that at 170° C. 1s approxi-
mately 8249.20 hPa, and that at 140° C. 1s approximately
3706.57 hPa.

Further, regarding the second temperature adjustment unit
122 as well, on the basis of deviation of an actual tempera-
ture 1nside each of the middle section 30¢ and the top 306 of
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the reactor 30 determined by the reaction heat temperature
determination unit 106 from a temperature set value inside
cach of the middle section 30¢ and the top 305 of the reactor
30, the pressure control unit 118 of the second temperature
adjustment unit 122 controls a pressure inside the coolant
drum 101, thereby controlling the temperature of water
inside the coolant drum 101.

As described above, when steam 1s discharged through the
steam outlet line 111 by the pressure control unit 118, the
water level 1nside the coolant drum 101 1s lowered, by which
teed water 1s supplied from the feed-water mnner line 114. At
this time, the feed water 1s supplied from the feed-water
inner line 114 at a position which 1s not submerged to result
in heat exchange between the feed water low 1n temperature
and steam 1n a steam phase. Thus, 1t 1s possible to avoid a
situation that the feed water flows into the bottom of the
coolant drum 101, while being maintained at a low tem-
perature.

Further, the feed water 1s sprinkled from the holes 115 on
the side surface 114a and the line end 1145 of the feed-water
inner line 114, thereby increasing the contact area of the feed
water with steam. It 1s, thus, possible to improve the
elliciency of heat exchange and also the efliciency of heat
exchange between the feed water lower 1n temperature and
the temperature of steam. Thereby, no difference 1n tem-
perature 1s found between the steam phase and the water
phase. Thus, a steam phase pressure mside the coolant drum
101 and a water phase temperature inside the coolant drum
101 can be kept constantly correlated based on the gas-liquid
equilibrium state.

As shown 1n the reference example of FIG. 5, when the
teed-water mner line 114 1s submerged into the coolant drum
101, the low-temperature feed water great 1n specific gravity
hardly flows out through the side surface open holes 116 on
the feed-water inner line 114 and directly flows to the bottom
of the coolant drum 101. Therefore, a diflerence 1n tempera-
ture 1s found between the steam phase and the water phase
inside the coolant drum 101. Then, there 1s a fear that a
correlation between the steam phase pressure of the coolant
drum 101 and the water phase temperature inside the coolant
drum 101 may collapse.

As so far described, according to the temperature control
system 100 of the present invention, water which has been
adjusted for temperature by the first temperature adjustment
umt 121 1s supplied to the lower heat transfer tube 32a, and
water which has been adjusted for temperature by the second
temperature adjustment unit 122 1s also supplied to the upper
heat transfer tube 32b. It 1s, therefore, possible to supply
water different in temperature to the lower heat transfer tube
32a and also to the upper heat transfer tube 325. Thereby, a
quantity of reaction heat recovered by the lower heat transfer
tube 32a can be made different from a quantity of reaction
heat recovered by the upper heat transfer tube 325.

Thus, when a temperature at the bottom 30a side of the
reactor 30 1s going to rise locally, water which 1s supplied to
the lower heat transfer tube 32a 1s decreased 1n temperature
by the first temperature adjustment unit 121, thus making 1t
possible to increase a quantity of reaction heat recovered by
the lower heat transier tube 32a. Thus, it 1s possible to
suppress a temperature rise at the bottom 30a side of the
reactor 30.

Further, at this time, as described above, the quantity of
reaction heat recovered by the lower heat transier tube 32a
can be made diflerent from that of reaction heat recovered by
the upper heat transier tube 32b. Thus, it 1s possible to
sSuUppress an excessive increase in quantity of reaction heat
recovered by the upper heat transfer tube 325 1n association
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with an increase 1n quantity of reaction heat recovered by the
lower heat transter tube 32a. Thereby, the reaction heat can
be recovered appropriately at the middle section 30¢ and the
top 306 located further above from the lower heat transier
tube 32a 1n the reactor 30, with excessive recovery of the
reaction heat being suppressed.

As describe so far, the temperature rise at the bottom 30qa
side of the reactor 30 can be suppressed and the reaction heat
can also be appropriately recovered at the middle section
30c¢ and the top 300 of the reactor 30, with excessive
recovery ol the reaction heat being suppressed. Thus, it 1s
possible to control a temperature iside the reactor 30 with
high accuracy.

Further, as described above, the working eflect that a
temperature inside the reactor 30 1s controlled with high
accuracy can be attained by supplying water diflerent in
temperature to the lower heat transfer tube 32a and the upper
heat transfer tube 3256. Therefore, eliminated 1s the need for
a flow-channel adjusting valve 113q 1nstalled on the delivery
line 113 being adjusted to regulate a flow rate of water
flowing through each of the lower heat transier tube 32a and
the upper heat transfer tube 325, for example, as shown in
the reference example of FIG. 6. Thus, the above working
ellect can be attained simply and reliably.

Further, the pressure control unit 118 controls a pressure
inside the coolant drum 101 on the basis of deviation of an
actual temperature inside the bottom 30a of the reactor 30
from a temperature set value, thus making i1t possible to
change a temperature of water supplied to the lower heat
transier tube 32a and adjust a heat quantity recovered by the
lower heat transfer tube 32a. Therefore, where the actual
temperature 1mside the bottom 30a of the reactor 30 1s higher
than the temperature set value, the pressure inside the
coolant drum 101 1s controlled so as to increase the heat
quantity recovered by the lower heat transfer tube 32a. In
addition, where the actual temperature 1s lower than the
temperature set value, the pressure inside the coolant drum
101 1s controlled so as to decrease the heat quantity recov-
ered by the lower heat transier tube 32a. Thereby, it 1s
possible to control the temperature inside the bottom 30a of
the reactor 30, with the target to the temperature set value.

Still further, the pressure control unit 118 controls a
pressure of the coolant drum 101 which corresponds to a
temperature of water supplied to the lower heat transfer tube
32a 1n a one-to-one relationship, thus making 1t possible to
directly control a temperature of the water supplied to the
lower heat transfer tube 32a from the coolant drum 101.
Theretore, as compared with a method in which water which
has been controlled for temperature externally 1s supplied to
the coolant drum 101, thereby controlling a temperature of
the water inside the coolant drum 101, 1t 1s possible to
control quickly a temperature iside the bottom 30a of the
reactor 30. Thereby, the above working effect can be attained
reliably.

As described above, in the method 1n which water which
has been controlled for temperature externally 1s supplied to
the coolant drum 101, thereby controlling a temperature of
water inside the coolant drum 101, the water supplied
externally 1s less likely to be uniform in temperature with the
water inside the coolant drum 101. There 1s a fear that the
reactor 30 may not be controlled for temperature with high
accuracy.

Further, the feed-water inner line 114 1s disposed 1nside a
steam phase of the coolant drum 101. Thus, even if water,
the temperature of which 1s lower than a temperature inside
the coolant drum 101, 1s supplied from the feed-water inner
line 114, heat transfer 1s carried out between the water and
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steam 1nside the coolant drum 101. In addition, the water 1s
equalized 1n temperature to the steam and stored 1n a steam
phase inside the coolant drum 101. Therefore, no difference
in temperature 1s found between these steam phases inside
the coolant drum 101.

As described so far, the heat i1s transferred efliciently
between the water and the steam 1nside the coolant drum 101
in a steam phase. Thus, even 1 water supplied from the
teed-water mner line 114 1s not pre-heated outside the
system, no difference in temperature 1s found between the
stcam phases inside the coolant drum 101. Therefore, the
pressure and the temperature 1nside the coolant drum 101
can be reliably kept correlated 1in a gas-liquid equilibrium
state.

Further, since the water sprinkling unit 119 for sprinkling,
water to the steam phase 1s formed on the feed-water inner
line 114, water supplied from the feed-water 1inner line 114
1s 1ncreased 1n surface area, by which smooth heat transfer
can be carried out between the steam and the water inside the
coolant drum 101. Thereby, a pressure and a temperature
inside the coolant drum 101 can be more reliably kept
correlated 1 a gas-liquid equilibrium state.

Further, since the water sprinkling unit 119 1s constituted

with the hole 115 formed on the feed-water mnner line 114,
it 1s possible to disperse water reliably.

SECOND EMBODIMENT

Next 1s a description of a temperature control system of
the second embodiment of the present invention.

Here, in the second embodiment, a {first temperature
adjustment unit 121 and a second temperature adjustment
unit 122 are different compared to those of the first embodi-
ment. Further, in the second embodiment, as with the first
embodiment, the second temperature adjustment unmt 122 1s
substantially the same in constitution as the first temperature
adjustment unit 121.

Thus, 1n the second embodiment, a description will be
given of the first temperature adjustment unit 121, with a
description of others being omitted. Further, regarding the
first temperature adjustment unit 121 as well, the same
reference numerals are given to the same parts as structural
clements of the first embodiment, with the description
thereol being omitted. A description will only be given of a
different part.

In FIG. 7, for an easy understanding of the drawing, an
upper heat transier tube 326 and the second temperature
adjustment umt 122 are not shown, and a reactor 30 1s shown
schematically.

As shown 1n FIG. 7, a feed line 110 1s connected at a
converging portion 201 on its way to a return line 112, and
feed water 1n a quantity matching a quantity of steam
discharged from a steam outlet line 111 outside a system 1s
supplied to a coolant drum 101. Thereby, the feed water
relatively low 1n temperature (given as a temperature t3, for
example) 1s directly mixed with steam evaporated by the
reactor 30 inside the return line 112 at a relatively high
temperature (given as a temperature tl1, for example, t1>13)
and heated to a saturated temperature.

Further, a quantity of steam inside the return line 112
which 1s downstream from the converging portion 201 1s
equal to or less than a quantity of steam discharged from the
coolant drum 101 by the steam outlet line 111. A tflow rate
of the water 1s controlled so as to be substantially equal to
a flow rate of water supplied from the coolant drum 101
through a delivery line 113 to the reactor 30.
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A feed-water temperature determination unit 202 for
determining a temperature of feed water 1s installed on the

feed line 110. And, the feed water of the feed line 110 1s
vaporized by the return line 112 and supplied into the
coolant drum 101.

Further, a steam discharge-quantity determination device
203 for determining a quantity of steam discharged outside
the system 1s installed on the steam outlet line 111. Still
turther, a reaction-heat quantity determination unit 204 for
determining a quantity of reaction heat (Q mside the reactor
30 1s installed on the reactor 30. In addition, a temperature
of water phase inside the coolant drum 101 can be deter-
mined by a water phase temperature determination unit 205
installed at the bottom of the coolant drum 101. In the
present embodiment, the reaction-heat quantity determina-
tion unit 204 1s constituted so as to determine a quantity of
reaction heat Q mside each of the bottom 30a, the top 305
and the middle section 30c¢ of the reactor 30.

A temperature control system 200 i1s provided with a
control device 206 which controls a quantity of feed water
in such a manner that a quantity of feed water from the feed
line 110 1s not 1 excess of a quantity of steam discharged
from the steam outlet line 111 outside the system. Individual
values determined by the water phase temperature determi-
nation unit 205 for determining a temperature of water phase
inside the coolant drum 101, the reaction heat temperature
determination unit 106 of the reactor 30, the reaction-heat
quantity determination unit 204, and the feed-water tem-
perature determination unit 202 which determines the tem-
perature ol feed water iside the feed line 110 are mput to
the control device 206. In addition, the quantity of feed
water 1s decided by being computed so as not to be 1n excess

of a quantity of steam discharged from the steam outlet line
111.

Data on the computed quantity of feed water 1s output to
a tlow-rate adjustment device 207 installed on the feed line
110, and the level adjusting valve 102 is adjusted for an
opening degree to control the quantity of feed water. The
flow-rate adjustment device 207 and the level adjusting
valve 102 constitute a water-supply adjustment device.

These provide such a control that the quantity of feed
water WL3 will not exceed the flow rate of steam WV1.

Next, a description will be given of one example of a
method for computing a quantity of feed water by the control
device 206.

As shown 1n FIG. 8, a quantity of steam discharged by the
stcam outlet line 111 1s given as WV1; a temperature, t1; a
flow rate of water supplied through the delivery line 113 to
the reactor 30, WL4; a temperature, tl1; a quantity of steam
discharged from the reactor 30 to the return line 112, WV2;
a tflow rate of water, WL2; each temperature, t1; a tlow rate
of water supplied from the feed line 110 to the return line
112, WL3; a temperature, t3; a quantity of steam returned
from the return line 112 to the coolant drum 101 after being
converged, WV1; a flow rate of water, WL4; and each
temperature, t1. In addition, a flow rate of water 1s given as
a unit of kg/h, a flow rate of steam 1s given as a unit of kg/h,
and a temperature 1s given as © C.

Further, a quantity of reaction heat 1in the reactor 30 1s
grven as Q (kcal/h), an evaporative latent heat of water 1s
given as r (kcal/kg), and the specific heat of water 1s given
as Cp (kcal’kg/® C.).

First, since a steam production quantity WV1 1n the return
line 112 with which the feed line 110 has been thereafter
converged 1s equal to a quantity of feed water WL3, due to
a material balance, the following formula (4) 1s satistied.

WV1=WL3 (4)
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A description will be given of procedures for obtaining
the above formula (4), which are as follows:

In FIG. 8, first, a flow rate of water WL4 at a temperature
t1 supplied from the coolant drum 101 1s given as a flow rate
of steam WV2 at a temperature t1+ a flow rate of water WL2
through the recovery of reaction heat by the reactor 30.
Therefore, when there 1s indicated an incoming and outgo-
ing material balance which i1s changed in phase 1n the reactor
30, the following formula (3) 1s obtained.

WLA=WV2+WIL2 (5)

Further, the quantity of feed water WL3 1s supplied from
the feed lmne 110, by which a material balance (water
supply+change 1n phase) at the converging portion 201 of
the return line 112 with the feed line 110 15 expressed by the
following formula (6).

WV 2+ WL2+WL3=WV1+WL4 (6)

The formula (5) 1s substituted for the formula (6), the
result of which 1s set to give the above formula (4).

Further, the temperature of the quantity of feed water
WL3 1s a low temperature t3 and the other 1s a high
temperature t1 (>t3). At the converging portion 201 of the
return line 112 with the feed line 110, there 1s obtained such
a relationship that a quantity of condensed steam 1s equal to
a pre-heat quantity of water supply/an evaporative latent
heat, and the following formula 1s satisfied.

(WV2-WV1)xr=WL3xCpx(t1-13) (7)

A relationship between a quantity of reaction heat QQ with
a quantity of steam production WV2 in the reactor 30 is
obtained in the following formula:

WV2=0/r (8)

Then, the formulae (4) and (8) are substituted for the
tormula (7), the result of which 1s set to obtain the following
formula.

WL3=0/{Cpx(t1-13)+r} (9)

As described above, the quantity of feed water WL3 can
be obtained by referring to the relationship between the
quantity of reaction heat Q and temperatures of supplied
water t1, t3.

In addition, the quantity of reaction heat () can be
obtained by referring to the reaction rate determined sepa-
rately and a difference 1n temperature between the coolant
drum 101 and the reactor 30.

The temperature control system 200 of the present
embodiment 1s constituted as described above, and next 1s a
description of a control process thereof.

For example, the water supply pump 104 1s driven, by
which a flow rate of water WL4 at a temperature tl 1s
supplied from the coolant drum 101 to the reactor 30. Due
to the reaction heat associated with an exothermic reaction
caused 1n the reactor 30, the flow rate of water WL4 1s
partially evaporated inside the lower heat transfer tube 324
into a two-phase fluid composed of a flow rate of steam
WV2 at a temperature t1 and a flow rate of water WL2. The
two-phase flud (mixed phase fluid) 1s supplied through the
return line 112.

Further, since the above-described flow rate of water WL4
1s discharged with the pump 104 to the reactor 30, a water
level between the steam phase and the water phase inside the
coolant drum 101 1s decreased. The decrease in water level
1s determined by the level determination unit 117. Then, feed
water 1s adjusted for a quantity thereof on the basis of the
determination result by the level adjusting valve 102
installed on the feed line 110 and then supplied.
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On the other hand, the quantity of feed water WL3 at a
relatively low temperature t3 decided by the control device
206 1s supplied through the feed line 110 and converged with
the two-phase fluid (WV2+WL2) mside the return line 112
at the converging portion 201 with the return line 112. Then,
at the converging portion 201, the quantity of feed water
WL3 at a temperature t3 1s directly mixed with the steam
WV2 at a high temperature t1 inside the return line 112 and
heated to give steam at a saturated temperature t1. Further,
the steam 1s partially condensed, by which the flow rate of
water inside the return line 112 1s made the same to a flow
rate of water WL4 which 1s supplied from the coolant drum
101 to the delivery line 113.

Then, 1n the return line 112 downstream from the con-
verging portion 201, the flow rate of steam WV1 at a
temperature t1 and a flow rate of water WL4 are provided
and discharged above the water level inside the coolant drum
101.

Here, a description will be given of a process for con-
trolling the quantity of feed water WL3 by the control device
206.

A temperature t1 determined by the water phase tempera-
ture determination unit 205 for determining a water phase
temperature mside the coolant drum 101, a temperature tl
determined by the reaction heat temperature determination
unit 106 for determining a temperature of the reactor 30, a
quantity of reaction heat Q determined by the reaction-heat
quantity determination unit 204, and a temperature t3 of feed
water determined by the feed-water temperature determina-
tion unmit 202 on the feed line 110 are input to the control
device 206. Then, the control device 206 computes the
quantity of feed water WL3 by referring to the above
tformula (9).

A computed value of the quantity of feed water WL3 1s
output to the tlow-rate adjustment device 207 to actuate the
level adjusting valve 102, by which the flow rate of feed
water WL3 1s supplied to the feed line 110, converged into
the return line 112 at the converging portion 201 and
discharged into the coolant drum 101.

Then, the water level between the steam phase and the
water phase 1s adjusted to a set level mside the coolant drum
101. A pressure of the steam phase and a temperature of the
water phase are constantly kept so as to be correlated based
on the gas-liquid equilibrium state.

Further, the tlow rate of steam WV1 1s discharged outside
a system through the steam outlet line 111 from the coolant
drum 101 and also the quantity of feed water WL3 1is
converged with a two-phase fluid composed of steam and
water at the converging portion 201 on the return line 112
and supplied 1nto the coolant drum 101. Further, the tlow
rate of steam WV1 and the quantity of feed water WL3 are
controlled equally by the control device 206, or the quantity
of feed water WL3 1s controlled so as to be lower than the
flow rate of steam WV1. Therefore, the water level inside
the coolant drum 101 1s adjusted so as to be constant.

As described above, according to the temperature control
system 200 of the present embodiment, the quantity of feed
water WL3 at a relatively low temperature t3 which 1s equal
in temperature to the flow rate of steam WV1 discharged
outside a system through the steam outlet line 111 1s con-
verged 1nto the return line 112 from the feed line 110 and can
be directly mixed with the flow rate of steam WV2 at a
saturated temperature t1 inside the return line 112. Thus, the
quantity of feed water can be instantly heated and evapo-
rated. Therefore, a gas liquid temperature iside the coolant
drum 101 can be constantly maintamned at a saturated
temperature.
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Further, the control device 206 1s used to compute 1n such
a manner that the quantity of feed water WL3 1s equal to the
flow rate of steam WV1 discharged outside the system. The
quantity of feed water can be accurately restricted so that the
quantity of feed water WL3 will not exceed the flow rate of
stecam WV1, thus making it possible to prevent hammering
resulting ifrom complete condensation at the converging
portion 201.

Still further, since facilities are not complicated 1n struc-
ture or enlarged 1n size, 1t 1s possible to control uniformly a
temperature inside the coolant drum 101.

MODIFIED EXAMPLES OF THE SECOND
EMBODIMENT

Next, a description will be given of a constitution which
prevents hammering when the feed line 110 1s converged
with the return line 112 at the converging portion 201 1n the
temperature control system 200 with reference to modified

examples shown 1n FIG. 9 to FIG. 11.

FIRST MODIFIED EXAMPL.

L1

FIG. 9 shows a constitution of a converging portion 201
as a first modified example. In FIG. 9, a feed line 110 1s
coupled and converged with a return line 112 so as to give
an acute angle o with respect to a direction at which a
two-phase fluid of the return line 112 flows. Thereby, the
feed water 1s smoothly converged with the two-phase fluid
composed of steam and water flowing through the return line

112 and subjected to evaporation. Thus, hammering 1s not
caused.

SECOND MODIFIED EXAMPLE

Next, at the converging portion of a second modified
example shown 1n FIG. 10, the feed line 110 1s coupled and
converged with the return line 112 so as to give an acute
angle with respect to a direction at which the two-phase fluid
of the return line 112 flows. In the feed line 110 which 1s
upstream from the converging portion 201, for example, an
approximately U-letter shaped recess 110q 1s formed, and a
water seal portion 210 in which water 1s allowed to remain
and filled 1n the recess 110a 1s provided as a seal portion.

According to the above-described constitution, where the
quantity of feed water WL3 1s low, steam which 1s 1nside the
return line 112 and going to tlow reversely inside the feed
line 110 will be stopped at the water seal portion 210.
Therefore, 1t 1s possible to prevent hammering caused by
steam 1nside the return line 112 which flows reversely into
the feed line 110 to result in condensation.

In place of the water seal portion 210, a check valve may
be provided as a seal portion for preventing the reverse flow
ol steam.

THIRD MODIFIED EXAMPL

(L]

FIG. 11 shows a constitution of the converging portion
201 1n a third modified example. In FIG. 11, the feed line 110
1s coupled to the return line 112 so as to give an acute angle
with respect to a direction at which the two-phase fluid of the
return line 112 flows. In addition, a spray nozzle 220 for
dispersing and spraying feed water inside the return line 112
1s formed at the leading end of the feed line 110. Thereby,
the feed water which 1s converged with steam and water 1n
the return line 112 1s sprayed by the spray nozzle 220 over
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a wider range, by which abrupt condensation of steam can
be suppressed to prevent hammering.

The temperature control system 200 of the present
embodiment may be constituted by freely combiming two or
three of the above-described first to the third modified
examples.

Verification Test of the Second Embodiment

Next, a description will be given of a verification test of
the temperature control system 200 which 1s an embodiment
of the present invention.

First, in FIG. 8, a temperature inside the coolant drum
101, a water temperature t1 of each of the quantity of water
WL4 supplied through the delivery line 113 and the quantity
of water WL2 produced in the reactor 30, and a temperature
t1 of each of the flow rate of steam WV1 and WV?2 are all
given as a saturated temperature of 195° C. Then, a water
temperature t3 of quantity of feed water WL3 1s given as
110° C.

Further, the following conditions are set:

(Quantity of reaction heat Q=8000000 kcal/h (determined
value (by calculation)),

Evaporative latent heat of water =470 kcal/kg (properties
(constant value)),

Specific heat of water Cp=1 kcal’kg/® C. (properties
(constant value)),

Pressure of steam drum=1.3 MPaG, and

Recycle quantity of pump 104 WL4=68000 kg/h.

Under the above conditions, 1n the control device 206 of
the temperature control system 200, the above-described
formula (9) 1s used to make uniform a temperature 1nside the
coolant drum 101 and also make the liquid level constant,
thereby deciding the quantity of feed water WL3 which 1s
equal to the tlow rate of steam WV1 outside a system. That
15, the above-described 1individual values are substituted for
the formula (9) to obtain the following formula.

WL3=0/{ Cpx(t1-13)+r} =14400 kg/h.

Further, since the flow rate of steam WV1 1s equal to the
quantity of feed water WL3 by referring to the formula (4),
the following formula 1s obtained:

WV1=WL3=14400 kg/h

Still further, when the formula (8) 1s used to obtain a
quantity of steam production WV2 mnside the reactor 30, the
following formula 1s obtained:

WV2=0/r=17000 kg/h.

In addition, the formula (5) 1s used to obtain the flow rate
of water WL2 at the outlet of the reactor 30, the following
formula 1s obtained.

WL2=WL4-WV2=51000 kg/h.

Next, FIG. 12 1s a graph of the verification test which
shows changes in steam percentages at positions before and
after the converging portion 201 of the return line 112 with
the feed line 110 in the temperature control system 200.

In FIG. 12, a percentage of the steam WV2 produced
inside the reactor 30 to the recycle quantity of water WL4
supplied from a steam vessel 2 to the reactor 30 (WV2/WL4)
1s taken on the horizontal axis. A percentage of quantities of
steam 1n the two-phase fluid 1nside the return line 112 before
and after the converging portion 201 1s taken on the longi-
tudinal axis as a percentage of the gas phase portion.

Then, a determination 1s made for a percentage of quan-
tities of steam (gas phase portion) 1n the two-phase liquid
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before and aiter the converging portion 201 1n the return line
112, where the percentage of the steam WV2 produced
inside the reactor 30 to the recycle quantity of water WL4
(WV2/WL4) 1s changed.

In FIG. 12, the dotted line M indicates a change 1n
percentage (WV2/(WL2+WV2)) of gas phase (steam) at the
outlet of the reactor 30 (the return line 112), and the solid
line N 1ndicates a change in percentage of gas phase (steam)
in the return line 112 (WV1/(WV1+WL4)) with which the
feed line 110 has been therealter converged.

In the graph shown in FIG. 12, at the start point, an
evaporation percentage of the reactor 30 1s zero (WV2/
WL4=0). However, the steam WV2 i1s produced in an
increased quantity with a rise i temperature inside the
reactor 30. The percentage of the evaporation quantity WV2
to the recycle flow rate WL4 in the reactor 30 (WV 2/WL4)
1s normally at 30% during operation. This is referred to as a
normal operation point. In this state, a percentage of quantity
of steam WV2 produced at the outlet of the reactor 30

(WV2/WLA4) 1s changed to a percentage of quantity of steam
WV1 1n the return line 112 into which the feed water WL3

has been thereaiter converged (WV1/(WV1+WL4)), which
1s a reduction only by approximately 1%.

Further, even when a percentage of the evaporation quan-
tity WV2 to the recycle tlow rate WL4 1n the reactor 30
(WV2/WL4) 1s changed across a range exceeding zero to
35% from a percentage of the quantity of steam indicated
with the dotted line M (WV2/(WL2+WV2)) to a percentage
of the quantity of steam 1ndicated with the solid line N 1n the
return line 112 after being converged (WV1/(WV1+WL4)),
the change 1s within a range of approximately 1% to 3%,
which 1s extremely low. Thus, no hammering has been
caused.

Here, 1f the steam WV2 inside the return line 112 1s
entirely subjected to condensation at the converging portion
201 of the return line 112 with the feed line 110, hammering
may take place. However, in the verification test, as
described above, a percentage of the steam WV1 1nside the
return line 112 into which the quantity of feed water WL3
has been thereafter converged i1s changed in a range of
approximately 1% to 3%. Therefore, the flow rate of steam
WV1 1s balanced with the quantity of feed water WL3, and
no hammering will take place.

A technical scope of the present mvention shall not be
limited to the above-described embodiments and may be
modified i various ways within a scope not departing from
the gist of the present invention.

For example, 1n the above-described embodiment, a natu-
ral gas 1s used as a hydrocarbon feedstock which 1s supplied
to the liquid fuel synthesizing system 1. However, the
present 1nvention shall not be limited thereto and, for
example, other hydrocarbons feedstock such as asphalt and
residual oils may be used.

Further, in the above-described embodiment, as a synthe-
s1s reaction 1n the reactor 30, there has been exemplified the
synthesis of liquid hydrocarbons by the FT synthesis reac-
tion, to which the present invention shall not be, however,
limited. Synthesis reactions in the reactor 30 may include,
for example, oxo synthesis (hydroformylation reaction)
“R—CH=CH,+CO+H,—R—CH,CH,CHO,” methanol
synthesis “CO+2H,—CH,OH,” and dimethyl ether (DME)
synthesis “3CO+3H,—CH,OCH,+CQO,.”

Further, 1in the above-described embodiment, as shown 1n
FIG. 1, a post-reaction fluid (reaction product) 1s discharged
from the top 306 of the reactor 30. However, a position at
which the post-reaction fluid 1s discharged from the reactor
30 may be changed, whenever necessary. For example, the
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post-reaction fluid may be discharged from the muddle
section 30c¢ (side surface) or the bottom 30a of the reactor 30
or may be discharged from a plurality of sites among the top
305, the middle section 30¢ and the bottom 30a of the
reactor 30. A position at which the post-reaction fluid 1s
discharged may be changed, for example, depending on
types of exothermic reactions inside the reactor 30.

Further, 1n the above-described embodiment, water 1s
employed as water but may not be necessarily water.

Further, i1n the above-described embodiment, a mixed
phase fluid composed of steam partially evaporated at the
lower heat transier tube 32aq and water 1s returned through
the return line 112 to the coolant drum 101. The mixed phase
fluid may not be returned to the coolant drum 101.

Further, in the above-described embodiment, each of the
first temperature adjustment unit 121 and the second tem-
perature adjustment umt 122 1s provided with the coolant
drum 101 and the pressure control unit 118, to which the
present invention shall not be, however, limited. As long as
the unit 1s constitutionally adjustable for temperature of
water which 1s a liqud coolant, the unit may be changed in
constitution, whenever necessary.

Still further, the above-described embodiment 1s provided
with the two upper heat transier tubes 3256, to which the
present mvention shall not be, however, limited.

In addition, 1n the above-described embodiment, an actual
temperature mside the bottom 30qa of the reactor 30 1s set to
be lower than an actual temperature inside each of the
middle section 30c¢ and the top 305 which are positioned
further above from the bottom 30a in the reactor 30, to
which the present invention shall not be, however, limited.
The actual temperature iside the bottom 30a may be equal
to the actual temperature inside each of the middle section
30¢ and the top 305.

In a scope not departing from the gist of the present
invention, structural elements of the above-described
embodiment may be changed to any known structural ele-
ments, whenever necessary, and the above-described modi-
fied examples may be appropriately combined.

INDUSTRIAL APPLICABILITY

The present invention relates to a temperature control
system which recovers reaction heat inside an F'T synthesis
reactor to control a temperature inside the reactor. According,
to the present invention, 1t 1s possible to control a tempera-
ture inside the reactor with high accuracy.

DESCRIPTION OF REFERENCE NUMERALS

1: Liquid fuel synthesizing system (hydrocarbon synthe-
s1s reaction system)

3: Synthesis gas production unit

5: FT synthesis unit (hydrocarbon synthesis reaction
apparatus)

7: Upgrading unit

30: Slurry bubble column reactor (reactor)

30a: Bottom

32a: Lower heat transfer tube (lower heat removing unit)

32b6: Upper heat transier tube (upper heat removing unit)

100: Temperature control system

101: Coolant drum

106: Reaction heat temperature determination unit

110: Feed line

111: Steam outlet line

112: Return line

114: Feed-water inner line (coolant feeding unit)
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Hole (through hole)

Pressure control unit

First temperature adjustment unit
Second temperature adjustment unit
Converging portion

Control device

210: Seal portion

220: Spray nozzle

The mvention claimed 1s:

1. A temperature control system for controlling a tem-
perature iside a reactor in which an exothermic reaction
takes place by recovering reaction heat in the reactor, the
temperature control system comprising:

a lower heat removing unit which 1s disposed at the
bottom of the reactor and through which a liquid
coolant 1s flowed; and

an upper heat removing unit which 1s disposed in the
reactor further above from the lower heat removing unit
and through which the liquid coolant 1s flowed, wherein

the lower heat removing unit 1s supplied with the liquid
coolant which 1s adjusted for temperature by a first
temperature adjustment unit, and

the upper heat removing unit 1s supplied with the liquid
coolant which 1s adjusted for temperature by a second
temperature adjustment unit different from the first
temperature adjustment unit, wherein the system fur-
ther comprises:

a reaction heat temperature determination unit which
determines a temperature inside the bottom of the
reactor, wherein the first temperature adjustment unit 1s
controlled on the basis of a determination result of the
reaction heat temperature determination unit, and
wherein the first temperature adjustment unit 1s pro-
vided with a coolant drum 1n which a liqud coolant 1s
accommodated 1n a gas-liquid equilibrium state;

a pressure control unit which controls a pressure inside
the coolant drum,

wherein the pressure control unit controls the pressure
inside the coolant drum on the basis of deviation of an
actual temperature inside the bottom of the reactor
determined by the reaction heat temperature determi-
nation unit from a temperature set value inside the
bottom, thereby controlling a temperature of the liquid
coolant 1nside the coolant drum,

and wherein the coolant drum 1s provided with a coolant
feeding unit which feeds a liquid coolant thereinto,

the coolant feeding unit 1s disposed i1nside a gas phase
portion of the coolant drum, and

a dispersing unit which disperses a liquid coolant to the
gas phase portion 1s formed at the coolant feeding unait.

2. The temperature control system according to claim 1,
wherein

the coolant feeding unit 1s formed 1n a tubular shape, and

the dispersing unit 1s constituted with a through hole
formed on the coolant feeding unait.

3. A hydrocarbon synthesis reaction apparatus in which a
synthesis gas contaiming a hydrogen gas and a carbon
monoxide gas as main components 1s brought into contact
with a slurry prepared by suspending catalyst particles iside
a liquid medium to synthesize hydrocarbon compounds,

the hydrocarbon synthesis reaction apparatus comprising:

a reactor which accommodates the slurry and to which the
synthesis gas 1s supplied; and

the temperature control system described 1n claim 1.

4. A hydrocarbon synthesis reaction system comprising:

the hydrocarbon synthesis reaction apparatus described 1n
claim 3:

115:
118:
121:
122:
201:
206:
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a synthesis gas production unit which reforms a hydro-
carbon feedstock to produce the synthesis gas and
supplies the synthesis gas to the reactor; and

an upgrading unit which produces liquid fuels from the
hydrocarbon compounds.

5. A temperature control system for controlling a tem-
perature iside a reactor i which an exothermic reaction
takes place by recovering reaction heat in the reactor, the
temperature control system comprising:

a lower heat removing umt which 1s disposed at the
bottom of the reactor and through which a liquid
coolant 1s flowed; and

an upper heat removing unit which 1s disposed i1n the
reactor further above from the lower heat removing unit
and through which the liquid coolant 1s flowed, wherein

the lower heat removing umit i1s supplied with the liquad
coolant which 1s adjusted for temperature by a first
temperature adjustment unit, and

the upper heat removing umt i1s supplied with the liquid
coolant which 1s adjusted for temperature by a second
temperature adjustment unit different from the first
temperature adjustment umt, wherein the system fur-
ther comprises:

a reaction heat temperature determination unit which
determines a temperature inside the bottom of the
reactor, wherein the first temperature adjustment unit 1s
controlled on the basis of a determination result of the
reaction heat temperature determination unit, and
wherein the first temperature adjustment unit 1s pro-
vided with a coolant drum in which a liqud coolant 1s
accommodated 1n a gas-liquid equilibrium state and a
pressure control unit which controls a pressure inside
the coolant drum, and

the pressure control unit controls the pressure inside the
coolant drum on the basis of deviation of an actual
temperature 1nside the bottom of the reactor determined
by the reaction heat temperature determination unit
from a temperature set value 1inside the bottom, thereby
controlling a temperature of the liquid coolant nside
the coolant drum, and further comprising:

a return line which returns a mixed phase fluid containing,
steam generated at the lower heat removing unit and a
liquid coolant to the coolant drum;

a steam outlet line which discharges steam inside the
coolant drum to outside a system; and

a feed line which supplies feed water composed of a liquid
coolant to the return line 1n a quantity of feed water
matching a quantity of steam discharged outside the
system.

6. The temperature control system according to claim 5,

turther comprising:

a control device which decides the quantity of feed water
on the basis of the relationship between a quantity of
reaction heat 1inside the reactor and a difference
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between a relatively high temperature inside the cool-
ant drum and a relatively low temperature of the feed
water; and
a water-supply adjustment device which sets the quantity
of feed water to be supplied from the feed line to the
return line depending on the quantity of feed water
decided by the control device.
7. The temperature control system according to claim 6,
wherein the quantity of feed water decided by the control
device 1s computed by the following formula:

WL3=0/{ Cox(t1-t3)+r}, wherein

WL3 is a quantity of feed water,

(Q 1s a quantity of reaction heat inside the bottom of the

reactor,

Cp 1s a specific heat of liquid coolant,

t1 1s a temperature mnside the coolant drum or inside the

bottom of the reactor,

t3 1s a temperature of feed water, and

r 1s an evaporative latent heat of liquid coolant.

8. The temperature control system according to claim 5,
wherein at a converging portion of the return line with the
feed line, the feed line 1s connected to the return line at an
acute angle along a direction at which a mixed phase fluid
moves forward inside the return line.

9. The temperature control system according to claim 5,
wherein the feed line 1s provided with a seal portion which
prevents reverse flow of steam.

10. The temperature control system according to claim 5,
wherein

at a converging portion of the return line with the feed

line, a spray nozzle which sprays feed water into the
return line 1s installed on the feed line.

11. A hydrocarbon synthesis reaction apparatus in which
a synthesis gas containing a hydrogen gas and a carbon
monoxide gas as main components 1s brought into contact
with a slurry prepared by suspending catalyst particles iside
a liguid medium to synthesize hydrocarbon compounds,

the hydrocarbon synthesis reaction apparatus comprising:

a reactor which accommodates the slurry and to which the

synthesis gas 1s supplied; and

the temperature control system described 1n claim 5.

12. A hydrocarbon synthesis reaction system comprising;:

the hydrocarbon synthesis reaction apparatus described 1n

claim 11;

a synthesis gas production unit which reforms a hydro-
carbon feedstock to produce the synthesis gas and
supplies the synthesis gas to the reactor; and

an upgrading unit which produces liqud fuels from the

hydrocarbon compounds.
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